Abstract. Human telomerase reverse transcriptase (hTERT) is the catalytic subunit and the activity determinant factor of the telomerase enzyme which maintains the length of human chromosomes. In recent years it has become an attractive molecular target for cancer gene therapy. In the present study, we show that hTERT siRNA effectively suppressed the expression of hTERT mRNA and hTERT protein levels, reduced telomerase activity, and induced apoptosis of A549 lung adenocarcinoma cells (P<0.05). In vivo, tumors treated with the hTERT siRNA were of reduced sizes, indicating that the hTERT siRNA also reduced the tumorigenic potential of lung adenocarcinoma cells (P<0.05). These results demonstrate that hTERT siRNA can cause effective suppression of telomerase and lead to apoptosis in A549 lung adenocarcinoma cells. hTERT siRNA may, therefore, be a strong candidate for highly selective therapy for chemoprevention and treatment of lung adenocarcinoma.
Introduction
Telomerase, a ribonucleoprotein holoenzyme, maintains the length of telomeres which protect the chromosomes from DNA degradation, end-to-end fusions, rearrangements and chromosome loss at the ends of eukaryotic linear chromosomes. hTERT, the catalytic subunit of the telomerase complex, maintains the length of telomeres by reverse transcription and addition of TTAGGG repeats onto the telomeric ends of the chromosomes (1) . The cellular activity of telomerase is determined by the presence or absence of hTERT and hTERT is the major determinant of telomerase activity (2) . Human normal somatic cells have no telomerase activity. During each cell division, a portion of terminal DNA repeats may be lost with each cycle of DNA replication. When telomeres reach a critical length, the cells send out a signal to stop chromosome duplication and cellular division, and cellular senescence and apoptosis occur (3) . But the majority of cancer cell lines and tumors have high telomerase activities, mainly by enhancing the expression of hTERT (4) . Research shows a high expression of the hTERT gene in 90% malignant cancers, while low or undetectable levels in most normal tissue cells. Numerous studies have demonstrated that telomerase activity is present in almost all tumor samples (5) , and our previous study has also shown that telomerase activity could be detected in 75% non-small cell lung cancer (NSCLC) specimens (6) . Moreover, Tomlinson et al (7) found that the trafficking of hTR to both telomeres and Cajal bodies, where telomerase is active and is not observed in primary cells, depends on hTERT. Furthermore, telomerase seems to exert its anti-apoptotic effects via extratelomeric mitochondria and the caspase pathway (8, 9) . Therefore, inhibition of hTERT results in an inability of tumor cells to maintain telomeres and in loss of extratelomeric anti-apoptotic roles thus leading to tumor cell apoptosis. In recent years, hTERT has become an attractive molecular target for cancer therapy.
Reverse transcriptase inhibitors, antisense oligonucleotides and RNA interference (RNAi) all induce telomeric instability and apoptosis of tumor cells. A reverse transcriptase inhibitor, because of its characteristics of a nucleoside analogue, is not an ideal antitumor drug. Its inhibitory activity on telomerase is weak; moreover, it has inhibitory effects on other DNA and RNA polymerases, which give rise to a multitude of side effects (10) . Antisense oligonucleotides are not stable in vivo (11) . Though chemical modification can improve its stability, it weakens its affinity to complementary strand and facilitates its binding to some other proteins, therefore causing side effects which limit its clinical application (12) .
RNAi is the process by which double-stranded RNA (dsRNA) targets mRNA for destruction in a sequence-dependent manner. RNAi is in fact a natural process, and this is best exemplified by the discovery of naturally encoded structural hairpin RNA molecules that are called microRNAs (miRNAs), which are now known to play extremely important roles in regulating gene expression at the post-transcriptional level (13, 14) . (15) . These small cleavage products are then incorporated into a larger, multi-protein RNA-induced silencing complex (RISC), which simultaneously scans the complementary mRNA sequence for homology to the small, now unwound, RNA fragment and then promotes the destruction of the mRNA through an enzymatic activity integral to the complex (16) . Massive research and wide applications of this technique are motivated by the hypothesis that effectors of RNAi can be developed into effective drugs for treating malignancies as well as a tool for detecting mutant genes. Up to date there are only a few in vitro or in vivo studies on the inhibitory effect of hTERT siRNA on lung adenocarcinoma. We systematically studied the impact of the 21-bp hTERT siRNA on the expression of hTERT mRNA, hTERT protein, telomerase activity and the apoptosis of the lung adenocarcinoma A549 cells, and further explored the inhibitory effect of hTERT siRNA on the growth of athymic mouse xenografts of lung adenocarcinoma in vivo.
Materials and methods
Cell culture. Human lung carcinoma A549 cells (Cell Culture Center of Central South University) were grown in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C and 5% CO 2 . Cells were digested and passaged by 0.25% trypsin every two or three days to maintain exponential growth. All cell culture materials were purchased from Invitrogen, USA.
Transfection. A549 cells were divided into the hTERT siRNA group, control siRNA group and liposome group according to different treatments. The hTERT siRNA group was transfected with hTERT siRNA (100 nmol/l) and Lipofectamine™ 2000 (Invitrogen) (2 µg/ml); the control siRNA group with control siRNA (100 nmol/l) and Lipofectamine 2000 (2 µg/ml); and the liposome group with Lipofectamine 2000 (2 µg/ml). Transfection of siRNA was carried out according to the Lipofectamine 2000 manufacturer's instructions. Cells (1.5x10 5 /well) were seeded in a 6-well plate and 5 wells were plated for each group. The cells were allowed to grow in antibiotic-free complete growth media for 24 h before transfection. The cells were about 40-50% confluent at the time of transfection.
Selection and synthesis of siRNA sequences targeting hTERT mRNA. Three 21-mer siRNA sequences directed against the hTERT mRNA (GenBank AB085628) were designed by an online commercial software (Applied Biosystems; Austin, TX, USA) and by referring to published reports (17) (18) (19) , and were then submitted to BLAST to avoid an off-target effect. siRNA sequences used in the study and their target siRNA sites on the hTERT mRNA were as follows: siRNA-1 (1755-1773), 5'-GC AUUGGAAUCAGACAGCAUU-3'; siRNA-2 (1876-1894), 5'-UGAUUUCUUGUUGGUGACAdTdT-3'; siRNA-3 (1983-2001), 5'-GAACGUUCCGCAGAGAAAATT-3'. One control siRNA was used, 5'-GAACGCGUUCAGUAAAACGUU-3'. In vitro transcription of siRNA was carried out using the In vitro Transcription T7 kit (for siRNA Synthesis) (Takara Bio Inc., Japan) according to the manufacturer's protocol.
After 24 h of transfection, expressions of hTERT mRNA and protein were measured. Eventually we chose the siRNA-1, which had the most obvious down-regulating effect among the three siRNAs, as the experimental siRNA to conduct the subsequent interfering experiments.
Analysis of hTERT mRNA by RT-PCR. Total hTERT mRNA was isolated by TRIzol (Molecular Research Center, OH, USA) every 24 h for three days. The cDNA strand was synthesized using a reverse transcription kit (Fermentas, MBI, USA) according to the manufacturer's instructions. PCR primers were as follows: hTERT (20), 5'-TCTACCGGAAGAGTGTCTG GAGCAA-3' (forward) and 5'-GCTCCCACGACGTAGTCC ATGTTCA-3' (reverse), amplicon, 202 bp; β-actin (21), 5'-CCA AGGCCAACCGCGAGAAGATGAC-3' (forward) and 5'-AGG GTACATGGTGGTGCCGCCAGAC-3' (reverse); amplicon, 540 bp. Reaction parameters were 94˚C for 5 min; 94˚C for 40 sec, 60˚C for 30 sec, and 72˚C for 45 sec, for 30 cycles; 72˚C, 10 min. The inhibitory rate (%) of hTERT mRNA was calculated by the relative intensity ratio hTERT/β-actin according to the following formula (20): relative intensity ratio of hTERT siRNA group hTERT mRNA
relative intensity ratio of liposome group hTERT mRNA
Analysis of hTERT protein by Western blot analysis.
Cell extract lysates (100 µg) were loaded on polyacrylamide gels and subjected to SDS gel electrophoresis, then transferred to a nitrocellulose membrane. The membrane was treated with blocking solution (5% non-fat milk, and 0.02% sodium azide in phosphate-buffered saline) for 1 h at room temperature. The membrane was incubated overnight at 4˚C with the primary antibody, mouse anti-human hTERT antibody (1:1000 dilution, Abcam). The membrane was then incubated for 1 h at room temperature with rabbit anti-mouse secondary antibody, followed by detection with chemiluminescent reagents (ECL kit, Amersham, USA). The inhibitory rate (%) of the hTERT protein was calculated according to the following formula:
hTERT protein positive rate of the hTERT siRNA group
hTERT protein positive rate of the liposome group Analysis of telomerase activity by TRAP-ELISA. Telomerase activity was determined every 24 h for three days after transfection by TeloTAGGG Telomerase PCR ELISA PLUS (Roche, USA). Briefly, 1.5x10 5 cells were centrifuged for 10 min at 4000 rpm and the sediments were suspended with lysis buffer (10 mM EGTA, 10 mM EDTA, 62.5 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate) on ice for 30 min. The supernatant was used as a TRAP template after centrifuging at 14,000 rpm for 20 min. The reaction mixture was incubated at 25˚C for 30 min, and then PCR amplification was performed for 35 cycles of 94˚C for 30 sec and 59˚C for 60 sec in each. The PCR product was initially mixed with hybridization solution, incubated at 37˚C for 1 h, followed by washing, incubation for another 30 min, chromogenized and the absorbance was where A S , absorbance of sample; A S,O , absorbance of negative control; A S,IS , absorbance of internal standard of the sample; A TS8 , absorbance of control template; A TS8,0 , absorbance of lysis buffer; A TS8,IS , absorbance of internal standard of the control template. Inhibition of telomerase activity was calculated according to previous methods. Analysis of the tumor. The length (L) and width (W) of the tumors were measured at intervals of 7 days with digital calipers during treatment. On the 28th day, tumor diameters and weights were determined after nude mice were sacrificed and the normal tissue on the tumor was cleared. The tumor volume in mm 3 was calculated by the formula (22):
and the inhibitory rate was calculated by the formula:
where V, volume change in the hTERT siRNA group; v, volume change in the control group. Twenty-eight days after treatment, tumor tissue was fixed with phosphate buffered 10% formalin and embeded in paraffin. Routine histology (hematoxylin and eosin staining) was performed to compare the difference of basic histomorphological features between the two groups.
Analysis of hTERT mRNA, hTERT protein and telomerase activity of the tumor. The expression of hTERT mRNA and protein and telomerase activity of the tumor were assayed by RT-PCR, Western blot analysis and TRAP-ELISA, respectively, which have been described previously.
Statistical analysis. The measurement data were presented with mean ± SD. Multiple comparisons were performed with the SNK-test and comparisons between two means were carried out with the t-test. Correlation analysis was also used to detect the relationship between tumor volume change and tumor telomerase activity. Significance is defined as P<0.05.
Results

Selection of siRNAs to down-regulate hTERT.
To measure the three siRNAs against the telomerase gene, we conducted RT-PCR and Western blot analyses after 24 h to identify the best siRNA for our subsequent experiments. As shown in Fig. 1A , the hTERT mRNA expressions were 31.83, 34.43, 41.24% in the three siRNA groups, 67.82% in the control siRNA group, and 72.08% in the liposome group, respectively compared to their β-actin mRNA expressions. As shown in Fig. 1B , the hTERT protein expressions were 36.27, 44.98, 59.70, 92.83 and 93.77% respectively, compared to their β-actin protein expressions. The three siRNA can effectively reduce the expressions of hTERT mRNA and protein so that they perfectly exclude the possibility of an off-target effect which the strategy of siRNA may sometimes have. Eventually, we chose siRNA-1 (later referred as hTERT siRNA) to conduct our subsequent experiments as it showed the most obvious knockdown effect.
hTERT mRNA and protein expression. The hTERT siRNA was transiently transfected into the A549 lung adenocarcinoma cell line. The inhibitory rates were calculated every 24 h for three days after transfection. For RNA levels, as shown in Fig. 2 , the inhibitory rates were 53.62, 64.03 and 49.69%, respectively. For protein levels, as shown in Fig. 3 , the inhibitory rates were 29.15, 39.48 and 17.85%, respectively. The inhibition of hTERT mRNA and protein expression reached a maximum level at 48 h and continued up to 72 h after transfection. The control siRNA group and the liposome group showed no effects on the hTERT mRNA or protein levels. The results indicate that hTERT siRNA was also successful in knocking down the hTERT gene and the effect of the hTERT siRNA was specific and effective.
Telomerase activity. Telomerase activity as determined by TRAP-ELISA and the relative telomerase activities were assayed every 24 h for three days after transfection. As shown in Fig. 4A , the inhibitory rates were 54.47, 69.30 and 44.27%, respectively. The inhibitory rate reached a maximum at 48 h and persisted 72 h after transfection. The control siRNA group and the liposome group showed no effects on telomerase activity. The difference was not significant. These results suggest that hTERT siRNA transfection inhibited the telomerase activity.
Induction of apoptosis following hTERT siRNA treatment.
Apoptosis was analyzed by flow cytometry every 3 days for 15 Figure 2 . Reduced expression of hTERT mRNA by hTERT. The concentration and purity of mRNA were assayed by an ultraviolet spectrophotometer and the inhibitory rates were calculated every 24 h for three days after transfection. M, Marker; A0, liposome group; A1, control siRNA group; A2, hTERT siRNA group. # P<0.05 compared to the liposome group; × P<0.05 compared to the hTERT siRNA group.
days after the first transfection. Transfection was performed twice a week to guarantee its silencing effect. Similarly to the results presented in Figs. 4B and 5, Annexin V-FITC/ PI double-staining showed that the early apoptotic rates for the hTERT siRNA transfected group were 17.63, 18.16 and 23.07% on days 3, 9 and 15, respectively, while those of the control group were 12.96, 11.28 and 9.29%, respectively. The apoptotic rates gradually increased from the third day to the fifteenth day after transfection. The control siRNA group and the liposome group showed comparatively similar apoptosis rates of lung adenocarcinoma cells. The difference was not significant. These results suggest that hTERT siRNA can induce the apoptosis of A549 human lung adenocarcinoma cells.
Mouse xenograft model of lung adenocarcinoma. A549 cells (5.0x10 6 ) were injected into the flank of nude mice. After 3 weeks, visible tumors had developed at the injection sites. As shown in Fig. 6A , the tumor weight of control group was 344±143 mg which was significantly bigger than hTERT siRNA group which was 158±97 mg (t=2.397, P<0.05). As shown in Fig. 6B and D, the average tumor volume of control group was 766.7±339.2 mm 3 which was significantly higher than hTERT siRNA group which was 330.0±97.1 mm 3 4 weeks after transfection (t=2.364, P<0.05). As shown in Fig. 6C , the average tumor volume change of control group was 712.1±311.0 mm 3 which was significantly higher than hTERT siRNA group which was 254.4±231.9 mm 3 after transfection (t=2.368, P<0.05). The inhibition rate reached 64.28%. The tumor volume curve is shown in Fig. 6E . It is self-evident that hTERT siRNA potently suppressed the growth of nude mice xenograft of lung adenocarcinoma. For histological differences, the hTERT siRNA group showed less pathological nuclear divisions and polykaryocytes, smallersized cells distributing into the form of nest and trab, some structures similar to gland alveolus in some regions and more interstitial fibrous tissues than the control group (Fig. 6F) . It showed that hTERT siRNA alleviated the heteromorphism of xenograft tumor tissue.
hTERT mRNA and protein expression of lung adeno carcinoma xenografts. RT-PCR revealed that the relative amount of hTERT mRNA expression of the control group tumor was 99.06±1.84%, which was significantly higher than that in the hTERT siRNA group which was 54.47±4.33% 4 weeks after transfection (t=21.179, P<0.05) (Fig. 7A and B) . The highest inhibitory rate reached 45.01%. As shown in Fig. 7C and D, immunohistochemistry assay with CMIAS revealed that the hTERT protein expression in the control group tumor was 77.4±4.7% which was significantly higher than that of the hTERT siRNA group which was 38.0±4.9% 4 weeks after transfection (t=12.901, P<0.05). By using TeloTAGGG Telomerase PCR ELISA PLUS , the average telomerase activity of the control group tumor was 210.06±30.06 which was significantly higher than that of the hTERT siRNA group which was 102.38±8.27 4 weeks after transfection (t=7.727, P<0.05). The relative telomerase activity was 51.26% (Fig. 7E) . It is suggested that hTERT siRNA potently suppressed the expression of hTERT mRNA and protein, and telomerase activity in lung adenocarcinoma xenograft. As shown in Fig. 7F , the lower the telomerase activities in the xenografts, the slower its growth. The relative telomerase activity of the xenografts positively correlated to tumor volume change (r=0.932, P<0.05).
Discussion
A rational design for selecting potent siRNAs can facilitate functional gene knockdown (18, 23) . Our results showed that hTERT siRNA could down-regulate the expression of hTERT mRNA and protein in A549 human lung adenocarcinoma. The inhibitory effect was most evident 48 h after transfection. In the study of Xia et al five double-stranded siRNAs targeting coding and non-coding regions of the hTERT gene were devised and transfected in the HepG2 human hepatocellular carcinoma cell line, and in accordance with our data the results showed that hTERT siRNA can inhibit the expression of hTERT mRNA and protein; the highest inhibitory rates at 24 and 48 h after transfection were 70.7 and 82.5% (20) . We further observed the effect of hTERT siRNA on telomerase activity of A549 human lung adenocarcinoma cells. Our results showed that telomerase activity in human lung adenocarcinoma cells can be inhibited by hTERT siRNA. This effect was most evident 48 h after transfection, consistent with the down-regulation of hTERT mRNA and protein. Kosciolek et al (24) demonstrated that hTERT siRNA can suppress a variety of adenocarcinoma cells such as the HCT-15 colon carcinoma, HeLa cervical carcinoma, NCI H123 lung carcinoma and A431 epidermoid carcinoma, with a maximum inhibitory rate of 65%. Shammas et al (25) designed siRNAs against two different regions of the telomerase gene in Barrett's adenocarcinoma SEG-1 cells. The results showed that hTERT protein level had decreased by 95% in the siRNA group than in the control group; telomerase activity had decreased by 77±3% at 24 h after transfection and had been completely inhibited at 72 h. As telomerase activities were associated with the cell cycle, we further observed the effect of hTERT siRNA on the early apoptosis of lung adenocarcinoma cells by Annexin V-FITC/PI double-staining flow cytometry. There are several reports about the growth inhibitory effect of hTERT siRNA in cancer cells. Dong et al (26) transfected siRNA targeting hTERT into two breast cancer cell lines and the MTT assay showed a 50% reduced cell viability in breast cancer cells within two days after transfection, while after three days of transfection the cell viability had an ascending trend, consistent with our study.
Collectively, our in vitro study indicates that hTERT siRNA can down-regulate the expression of hTERT mRNA and hTERT protein, inhibit telomerase activity and accordingly induce the apoptosis of lung adenocarcinoma A549 cells. The effect of hTERT siRNA on hTERT gene expression reached its maximum at 48 h and persisted 72 h after transfection. The silencing potency of hTERT siRNA in our study was lower than that reported in previous studies (20, 24, 25) . This difference may mainly be due to the siRNA transfection efficiency, siRNA properties and different cell lines. In our study, the siRNA synthesized by in vitro transcription had a small molecular weight but a high transfection efficiency, higher than 80% as reported, but labeling and simultaneously monitoring its transfection efficiency was not possible, which is a shortcoming of this approach. Furthermore, different cell lines can have distinct transfection efficiencies and silencing potencies. Up to date, there are only a few studies on a xenograft model of lung adenocarcinoma in vivo using RNAi technology. Therefore, we further examined the inhibition of hTERT siRNA on the growth of lung adenocarcinoma xenografts. According to the results of the lung adenocarcinoma cell growth inhibition tests, we administered hTERT siRNA by injection into the xenograft tumor two times every week and measured its growth. Our study found that hTERT siRNA can significantly inhibit the growth of lung carcinoma xenografts and the inhibitory rate reached 64.28%. It was implied that siRNA can resist the degradation of RNase and silence genes homologous to siRNA in vivo. Further analysis on the xenograft tumor tissue showed that hTERT siRNA alleviated the heteromorphism of the xenograft tumor tissue. The growth of the xenograft tumor was limited but necrosis was not apparent. We therefore, speculate that the growth inhibition of hTERT siRNA is different from the direct killing of tumor cells by traditional cytotoxic drugs. It is possible that inhibition of the growth of the xenograft tumor is due to inhibition of the proliferation of cancer cells and the induction of cell apoptosis. (26) transfected siRNA targeting hTERT into two breast cancer cell lines and the volume of the tumor in the experimental group was 40% of the control group. Tumor cells (20%) showed apoptosis at 48 h after transfection while the control group showed no signs of apoptosis. The results of their study in a way support our speculation. To determine the relationship between the inhibition of tumor growth and the expression of hTERT mRNA, telomerase activity in vivo, we examined the expression of hTERT mRNA, hTERT protein and telomerase. Our results showed that hTERT siRNA significantly down-regulated the expression of hTERT mRNA, hTERT protein and telomerase activity. The analysis of correlation also revealed that the volume change of the xenograft was positively correlated with the telomerase activity. The results indicate that hTERT siRNA suppressed the growth of xenograft tumor in vivo by specific down-regulation of hTERT mRNA, hTERT protein expression and the inhibition of telomerase activity.
Dong et al
Our present data clearly show that down-regulation of telomerase expression and thus suppression of tumor growth by siRNA targeting hTERT is an attainable goal. Thus, one of our future objectives is to find a suitable way for this method to be used in clinical settings. Since some theoretical issues have already been raised concerning the safety of certain RNAimediated therapies (27) , we may search for more efficient siRNAs and suitable vectors.
